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Haspin is an atypical protein kinase that in several
organisms phosphorylates histone H3Thr3 and is
involved in chromosome segregation. In Saccharo-
myces cerevisiae, H3Thr3 phosphorylation has
never been observed and the function of haspin is
unknown. We show that deletion of ALK1 and ALK2
haspin paralogs causes the mislocalization of polar-
isome components. Following a transient mitotic
arrest, this leads to an overly polarized actin distribu-
tion in the bud where the mitotic spindle is pulled.
Here it elongates, generating anucleated mothers
and binucleated daughters. Reducing the intensity
of the bud-directed pulling forces partially restores
proper cell division. We propose that haspin controls
the localization of polarity cues to preserve the coor-
dination between polarization and the cell cycle and
to tolerate transient mitotic arrests. The evolutionary
conservation of haspin and of the polarization mech-
anisms suggests that this function of haspin is likely
shared with other eukaryotes, in which haspin may
regulate asymmetric cell division.
INTRODUCTION
Asymmetric cell division is a fundamental process in stem cell
biology and development. The appropriate balance between
symmetric and asymmetric divisions is important to expand
and maintain the stem cell pools and to generate progenitors
for differentiation. Disruption of this balance may lead to cancer
(Gonzalez, 2007; Knoblich, 2010; Wodarz and Na¨thke, 2007).
One essential step for asymmetric division is the proper
distribution of polarization factors within the cell; this drives the
unequal partition of cellular components. Moreover, the estab-
lishment of a correct cell division axis also relies on cell polarity
cues, and is connected to the orientation of the mitotic spindle
(Siller and Doe, 2009; Go¨nczy, 2008). Regulated polarization
and spindle orientation are crucial in both unicellular and multi-
cellular organisms, where they are involved in fundamental pro-
cesses such as epithelial polarization, asymmetric cell division,Developmenmorphogenesis, organogenesis, and development (Clevers,
2005; Quyn et al., 2010; Gray et al., 2010; Tanos and Rodri-
guez-Boulan, 2008).
The molecular mechanisms underlying spindle orientation are
still largely unknown. Budding yeast has been used to study
spindle positioning and asymmetric cell division. Indeed, after
cytokinesis, daughter cells have different sizes. The cell division
plane is established early in the cell cycle and before assembly of
the mitotic spindle (Etienne-Manneville, 2004; Fraschini et al.,
2008; Segal and Bloom, 2001); therefore, a surveillance mecha-
nism called the spindle position checkpoint (SPOC) oversees
spindle positioning and delays mitotic exit and cytokinesis in
case of errors (Bardin et al., 2000; Lew and Burke, 2003; Nelson
and Cooper, 2007; Pereira et al., 2000). A similar checkpoint
has recently been described in Drosophila (Cheng et al., 2011),
suggesting that these mechanisms exist in various multicellular
eukaryotes.
Haspin is an atypical protein kinase, highly conserved
throughout evolution (Higgins, 2001). The budding yeast genome
codes for two haspin paralogs, Alk1 and Alk2, whose protein
levels peak in mitosis and late S/G2, respectively, and are
modulated by the anaphase-promoting complex. Both proteins
are phosphorylated in mitosis, albeit the physiological signifi-
cance of this modification is still unclear. Finally, overexpression
of ALK2 prevents mitotic progression, suggesting that a precise
regulation of haspin is critical for cell division (Nespoli et al., 2006).
In mammalian cells, haspin knockdown arrests cells in mitosis
and prevents proper chromosome congression at the meta-
phase plate (Dai et al., 2005, 2006); moreover, haspin is respon-
sible for histone H3Thr3 phosphorylation, which is involved
in the recruitment of the chromosomal passenger complex
(Wang et al., 2010; Kelly et al., 2010; Yamagishi et al., 2010).
In Arabidopsis thaliana, haspin is also involved in plant develop-
ment; indeed, it contributes to embryonic patterning (Ashtiyani
et al., 2011). However, the precise function of haspin is still not
fully understood and it is likely that more kinase targets exist,
particularly in budding yeast, where phosphorylation of H3Thr3
has never been observed.
Here we show that in the absence of haspin, budding yeast
cells fail to properly recruit polarity factors that are important
for the establishment of a balance in the forces acting on spindle
positioning. If mitosis is prolonged in these cells, the spindle is
pulled within the daughter cell and nuclear division generates
an anucleated mother and a binucleated daughter. Haspin istal Cell 26, 483–495, September 16, 2013 ª2013 Elsevier Inc. 483
Figure 1. Yeast Haspin Deletions Cause Sensitivity to Microtubule-Depolymerizing Agents
(A) Serial dilutions of the indicated yeast strains grown on YPD (mock) or YPD + 8 mg/ml benomyl plates.
(B) Wild-type, alk1Dalk2D, and kinase-deficient double mutant (alk1kdalk2kd) treated as in (A).
(C) Time course of Pds1 stability in cells arrested in a factor and released in 20 mg/ml nocodazole-containing medium. The asterisk indicates a protein cross-
reacting with the anti-HA Ab, which can be used as a loading control.
(D) Analysis of sister chromatid separation in cells where chromosome V was labeled with GFP 35 kb away from the centromere, treated as in (C). The insets
present examples of fluorescence images showing normal sister chromatid cohesion (wild-type, alk1Dalk2D) or premature separation (mad2D).
See also Figure S1.
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maintenance of the coupling between polarization and cell-cycle
progression. Our findings may help explain the developmental
defects observed in Arabidopsis haspin mutants, and its evolu-
tionary conservation suggests that haspin may be important
for the proper positioning of polarity factors also in other eukary-
otic cells and may be a key player in the control of asymmetric
cell division.
RESULTS
Haspin-Defective Cells Are Sensitive to Microtubule-
Depolymerizing Drugs
In human, A. thaliana, and Schizosaccharomyces pombe cells,
haspin phosphorylates H3Thr3 and is important for proper
function of the chromosome passenger complex; loss of haspin
results in chromosome congression defects and loss of spindle-484 Developmental Cell 26, 483–495, September 16, 2013 ª2013 Elspole integrity (Dai et al., 2009; Wang et al., 2010; Yamagishi
et al., 2010; Ashtiyani et al., 2011). No evidence for a similar
function in budding yeast exists; consistently, histone H3 does
not seem to be phosphorylated at Thr3 in Saccharomyces
cerevisiae. Deletion of ALK1 or ALK2, either singly or combined,
does not cause any immediately apparent phenotype (Nespoli
et al., 2006). Overexpression of ALK2 delays the onset of
anaphase (Nespoli et al., 2006), suggesting that proteins other
than histone H3 may be targets of haspin in mitosis.
To understand haspin function in budding yeast mitosis, we
analyzed the sensitivity to microtubule-depolymerizing drugs
(i.e., benomyl or nocodazole) of cells deleted for the genes
coding for the two haspin paralogs. As shown in Figure 1A, single
alk1D or alk2D mutant cells show, respectively, mild or no
sensitivity to benomyl. However, the viability of alk1Dalk2D
double-mutant cells is heavily compromised in the presence of
the drug, similar to what is observed in strains lacking theevier Inc.
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(SAC) elicited by microtubule disassembly. Loss of haspin
causes cell lethality also after a transient treatment of liquid
culture with nocodazole (Figure S1A available online). Similar
phenotypes were observed in a kinase-deficient alk1-kd alk2-
kd double mutant (Nespoli et al., 2006) (Figure 1B), indicating
that survival following benomyl treatment relies on the kinase
activity of haspin. Benomyl and nocodazole have three major
effects: depolymerizing the microtubule, activating the SAC,
and causing a mitotic delay.
The lethality described above could be explained if loss of
haspin caused a SAC defect. The anaphase inhibitor securin
(Pds1 in S. cerevisiae) prevents sister chromatid separation
and is stabilized by SAC activation, resulting in cell-cycle arrest
in metaphase. On the contrary, SAC-defective mutants degrade
securin, separate sister chromatids, and exit mitosis, despite
disassembly of the mitotic spindle by nocodazole treatment
(Musacchio and Salmon, 2007; Peters, 2006). To verify the state
of the SAC in haspin mutants, we followed the fate of Pds1 in
synchronous cultures released from G1 and arrested in nocoda-
zole-containing medium. As shown in Figure 1C, in alk1Dalk2D
double-mutant cells, Pds1 is stable in nocodazole arrest, similar
to what is observed in wild-type cells. On the contrary, in SAC-
defective mad2D cells, Pds1 is rapidly degraded during noco-
dazole treatment. In agreement with this finding, visualization
of chromosome V arms with the tetO/TetR-GFP system (Mi-
chaelis et al., 1997) shows that upon nocodazole treatment, sis-
ter chromatids remain cohesed in alk1Dalk2D mutants and in
wild-type cells, whereas they dissociate in the absence of
Mad2 (Figure 1D), indicating that in budding yeast, loss of
haspin does not affect SAC activation after microtubule
depolymerization.
Loss of Haspin Causes Spindle Mispositioning
and Nuclear Missegregation after Mitotic Arrest
The benomyl sensitivity of alk1Dalk2D cells could derive from a
failure to reassemble a spindle or to properly position the reas-
sembled spindle after microtubule depolymerization.
We tested the kinetics of mitotic spindle rebuilding and orien-
tation, as well as of nuclear division, in synchronous wild-type
and alk1Dalk2D mutant cells after release from a 2.5 hr nocoda-
zole treatment (Figure 2; Figure S1B). As shown in Figure 2A,
60 min after the removal of the drug, wild-type cells rebuild a
mitotic spindle that elongates along the mother-bud axis; by
100 min after the release, the genome is fully segregated
between mother and daughter cells. Strikingly, in alk1Dalk2D
mutant cells, although a bipolar spindle is fully reassembled
60 min after nocodazole removal, it is not aligned along the
mother-bud axis but remains confined within a single-cell
compartment where it then elongates, exhibiting an aberrant
curved shape (Figure 2A). By the 100 min time point, virtually
100% of alk1Dalk2D anaphase cells contain two nuclei within a
single cell body, whereas this aberrant population remains below
5% in wild-type and below 20% in alk1D or alk2D single-mutant
strains (Figure 2B).
A kinase-deficient alk1-kd alk2-kd double-mutant strain ex-
hibits a similar phenotype (Figure S1C), indicating that haspin
kinase activity is important for proper positioning of the mitotic
spindle following microtubule depolymerization.DevelopmenWe investigated whether spindle misalignment in alk1Dalk2D
cells was due to alterations in spindle reassembly or to spindle
positioning. After a transient 2.5 hr nocodazole treatment, we
analyzed by time-lapse video microscopy cultures of wild-type
and alk1Dalk2D cells (Movies S1 and S2). The data show that
in haspin-deleted cells, the bipolar spindle is rebuilt with essen-
tially wild-type kinetics (Figure S1B) but exhibits a clear posi-
tioning defect, resulting in nuclear division within an individual
cell body (Figure 2C). It is interesting to note that nuclear division
always takes place in the largest cell body, which surprisingly
corresponds to the bud (see below).
In budding yeast, spindle mispositioning is detected by the
SPOC, which prevents mitotic exit when the spindle is not
correctly aligned along the mother-bud axis (Bardin et al.,
2000). Surprisingly, we noticed that, after arresting alk1Dalk2D
cells for 2.5 hr in nocodazole and removing the drug, the nucleus
divides (Figure 2A), the misaligned spindle is timely disas-
sembled (see Movies S1 and S2), and a new round of DNA
replication follows (Figure S1D). These data indicate that, after
transient metaphase arrest, loss of haspin leads to spindle
misalignment without SPOC activation.
To further characterize this phenotype, we investigated
whether in alk1Dalk2D cells the spindle is elongated in the
mother, in the bud, or randomly in both cellular compartments.
To unequivocally distinguish mothers from daughters, we took
advantage of a previously described simple assay (Ross and
Cohen-Fix, 2004). Exponentially growing cells are treated with
a factor, which arrests cells in G1 with a recognizable mating
projection (shmoo). The removal of a factor allows cells to
proceed in the cell cycle, and shmooed mothers can easily be
distinguished from round daughter cells. We released a factor
G1-arrested cells in nocodazole-containing medium. After
150 min, all cells were arrested in metaphase with disassembled
mitotic spindles. Cultures were then released in fresh medium to
allow spindle reassembly and, 60 min after the release from
nocodazole, samples were fixed and stained with 40,6-diami-
dino-2-phenylindole (DAPI). Fluorescence microscopy analysis
of alk1Dalk2D cultures shows that in 75% of cases, rounded
binucleated and shmooed anucleated cells are detected, indi-
cating that nuclear segregation occurs almost exclusively in
the bud (Figure 2D). This result was further confirmed by staining
mothers with concanavalin A before the arrest. Figure 2E shows
that, in cells lacking haspin, the mitotic spindle elongates within
the unstained compartments (bud). The migration of the spindle
into the bud may also explain the failure to trigger the SPOC,
which is known to be activated by spindle misalignment within
the mother cell (reviewed in Fraschini et al., 2008). Surprisingly,
we noted that when alk1Dalk2D cells were arrested in meta-
phase the bud continued to grow, often becoming larger than
the mother. The similarity in the kinetics of spindle rebuilding in
wild-type and double-mutant cells (Movies S1 and S2) indicates
that Alk1 and Alk2 are not involved in the clearing of the drug
after nocodazole treatment, or in the proper reassembly of the
mitotic spindle.
The lethal event, observed after nocodazole treatment, may be
due to the prolongation of mitosis. To test this third hypothesis,
we took advantage of a strain expressing CDC20, an activator of
the anaphase-promoting complex/cyclosome, under the control
of the GAL1 promoter. In galactose-containing medium, CDC20tal Cell 26, 483–495, September 16, 2013 ª2013 Elsevier Inc. 485
Figure 2. Lack of Haspin Impairs Mitotic Spindle Positioning after Mitotic Arrest
(A) Cells were arrested for 2.5 hr in nocodazole. Representative immunofluorescence pictures are presented, showing DNA (DAPI) and the mitotic spindle (Tub),
taken at the indicated time points after nocodazole washout.
(B) Quantification of binucleated cells exhibiting incorrect mitosis after treatment as in (A).
(C) Kinetic analysis of spindle orientation after release from nocodazole arrest as in (A). Selected photograms from a time-lapse experiment (Movies S1 and S2)
using strains expressing tubulin-GFP. The time point of each photogram is indicated.
(legend continued on next page)
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glucose, repression of CDC20 expression causes cells to arrest
at metaphase with one replicated nucleus and a short spindle.
Cells expressing GAL1-CDC20 were grown in galactose and
arrested in G1 with a factor. Cultures were released in glucose
to repress CDC20 expression, inducing a metaphase arrest.
After 210 min, CDC20 was reinduced to allow cells to progress
through mitosis. As shown in Figures 2F and 2G, 60 min after
anaphase entry, cells have finished mitosis: more than 50% of
alk1Dalk2D mutant cells have divided their nucleus in the bud,
completed cytokinesis, and are detectable as unbudded binu-
cleated cells; on the contrary, wild-type cells have divided
normally and are mononucleated. These data indicate that
when metaphase is prolonged, haspin is required to avoid spin-
dle mispositioning and prevent cell lethality.
Spindle positioning is driven by two pathways governed by
Kar9 and Dyn1, respectively. Whereas cells tolerate the loss of
either one of the pathways, elimination of both, in kar9Ddyn1D
cells, is lethal. In order to investigate whether loss of haspin
may affect either the Kar9 or the Dyn1 pathway, we crossed
alk1Dalk2D cells with kar9D or dyn1D strains. No synthetic
lethality was observed and, as shown in Figure S2A, elimination
of either one spindle-positioning pathway in cells lacking haspin
does not result in growth defects at temperatures ranging from
25C to 37C. This finding implies that haspin does not impair
Kar9 or Dyn1 spindle-positioning mechanisms. Furthermore,
we tested whether the phenotype detected in alk1Dalk2D cells
may be due to a deregulation of Kar9 or Dyn1. Figure S2B shows
that neither kar9D nor dyn1D affects the nuclear missegregation
displayed by cells lacking haspin. These results strongly suggest
that no direct relationship exists between haspin, Kar9, and
Dyn1.
Haspin Is Essential for Proper Organization
of Cell Polarity Factors in Mitosis
The alignment of the mitotic spindle is governed by actin. We
thus verified whether deletion of haspin correlated with a defec-
tive distribution of actin. In cycling cells, actin is localized at
the tip of the growing bud, where it directs polarized growth;
once cells reach G2/M and shift to isotropic growth, actin
is redistributed uniformly to both mother and daughter cells
(Pruyne and Bretscher, 2000).
Wild-type and haspin-deleted cells were arrested in G1 with
a factor to generate shmooed mothers and released for 2.5 hr
in nocodazole to induce metaphase arrest. Actin distribution
was then analyzed at various times after nocodazole washout.
As shown in Figure 3A, in nocodazole-arrested wild-type cells,
actin cables are mostly undetectable and actin is evenly dis-
tributed between mother and daughter cells. On the contrary,
haspin-defective mutants fail to redistribute actin, which in(D) Cells were treated with 10 mg/ml a factor, and then released for 2.5 hr in med
then washed out and samples were collected after 60 min in YPD. Nuclei were s
(E) Representative images of concanavalin A-stained wild-type and alk1Dalk2D ce
(F) Wild-type and alk1Dalk2D cells, expressing GAL1-CDC20, were grown overn
with a factor (5 mg/ml). When 95% of the cells were unbudded, the cultures were
arrested cells were then released in medium containing raffinose and galactose
release in galactose and immunofluorescence was performed. Selected images
(G) Quantification of the experiment in (F).
See also Figure S2.
Developmen80% of the cells is largely accumulated in the bud, consistent
with the spindle misalignment phenotype and with the increased
bud size observed when these mutants are arrested in mitosis.
This result was also supported by staining mother cells with
concanavalin A before mitotic arrest (Figure 3B). Confocal
images confirmed the unbalanced actin distribution in haspin-
mutated cells (Figure S3A).
Partitioning of polarity factors is controlled by the septin ring,
which acts as a selective barrier at the bud neck (Barral et al.,
2000). We thus tested whether disruption of the septin complex
would rescue the misdistribution of actin in alk1Dalk2D cells.
We used a cdc12-6 allele, coding for a temperature-sensitive
septin subunit, which at nonpermissive temperature causes
rapid disruption of the septin ring (Barral et al., 2000).
alk1Dalk2Dcdc12-6 cells were arrested with nocodazole at
25C for 2.5 hr, shifted to 37C for 45 min, and released in YPD
at 37C in the absence of the drug. Figures 3C and 3D show
that disruption of the septin ring allows proper redistribution of
actin in alk1Dalk2D cells and rescues the spindle misalignment
and nuclear division defect.
Because the septin complex undergoes cell-cycle-dependent
changes in its stability, switching from a frozen to a fluid struc-
ture (Dobbelaere et al., 2003), such observations may suggest
that haspin modulates septin ring stability. We studied the ring
dynamics by following the Shs1 component, which is dephos-
phorylated in the fluid state, and by fluorescence recovery
after photobleaching (FRAP) analysis. Figures S3B and S3C
show that loss of haspin does not grossly affect Shs1 phosphor-
ylation, as detected by SDS-PAGE mobility-shift analysis, or
septin dynamics, indicating that haspin does not influence the
septin ring.
Haspin Is Required to Maintain the Correct Balance
of Formin-Dependent Spindle Pulling Forces
Actin distribution is also controlled by formins, evolutionarily
conserved factors important for cell polarity andmorphogenesis.
In budding yeast, two formins have been identified: Bni1 is found
at the bud tip, from where it organizes actin cables within the
bud, whereas Bnr1 is present at the bud neck and promotes
formation of actin cables within the mother cell. Given the
misdistribution of actin caused by deletion of ALK1 and ALK2,
we investigated whether Bnr1 localization is compromised by
loss of haspin. GFP-Bnr1-expressing cells were arrested in
metaphase/anaphase with nocodazole for 2.5 hr; Figures 4A
and 4B show that, after release from mitotic arrest, in wild-type
cells Bnr1 is concentrated at the bud neck. Intriguingly, loss
of haspin induces an abnormal localization, so that Bnr1 is
equally distributed between the bud tip and the bud neck. In
haspin-defective cells, the Bnr1 molecules at the bud tip
may be responsible for an excessive force driving polarityium containing 10 mg/ml nocodazole to induce mitotic arrest. Nocodazole was
tained with DAPI and quantified as indicated.
lls carrying Tub1-GFP after nocodazole washout. Cells were arrested as in (A).
ight in medium containing raffinose and galactose and presynchronized in G1
washed and resuspended in medium containing glucose for 3.5 hr. Metaphase
to allow CDC20 expression. Samples were collected 60 min after nocodazole
are shown.
tal Cell 26, 483–495, September 16, 2013 ª2013 Elsevier Inc. 487
Figure 3. Haspin Is Essential for Proper Organization of Cell Polarity Factors in Mitosis
(A) Actin distribution in the indicated strains was analyzed by fluorescence microscopy after phalloidin staining. Cells were arrested for 2.5 hr in nocodazole.
Samples were collected at the indicated time points after nocodazole washout; selected images are shown with quantification of at least 200 cells/sample.
(B) Concanavalin A-stained cells were analyzed for actin distribution as in (A). Selected images are presented.
(C) Overnight cultures of wild-type, cdc12-6, alk1Dalk2D, and alk2Dalk2Dcdc12-6 grown at permissive temperature were treated with nocodazole (10 mg/ml) for
2.5 hr, shifted to nonpermissive temperature for 45min, and then released in fresh medium at nonpermissive temperature. Samples were collected at 20min and
stained with phalloidin. Quantification of at least 200 cells/sample is shown.
(D) Cells were treated as in (C) but performing immunofluorescence against tubulin and DAPI staining. Selected images are shown with quantification of
binucleated cells exhibiting incorrect mitosis.
See also Figure S3.
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distribution of actin. One prediction is that deletion of BNR1
may prevent this asymmetry, reduce the pulling forces, and cor-
rect the defects due to the loss of haspin. Figures 4C and 4D
show that combining bnr1D with alk1Dalk2D rescues part of
the benomyl sensitivity (as seen by drop assay and by dose-
response survival curve) and nuclear division defects caused
by lack of haspin activity. Deletion of BNI1, encoding the other
formin normally localizing at the bud tip, has a similar suppres-
sive effect (Figure 4D).
Bnr1, interacting with Bud6, controls its recruitment at the
septin ring, which is crucial for the interaction of astral micro-
tubules with the bud neck and is required for proper spindle
alignment (Segal et al., 2000). We thus investigated whether
haspin depletion affected Bud6 localization. Cells expressing
GFP-Bud6 were arrested in nocodazole for 2.5 hr and released
in drug-free medium. In wild-type cells, Bud6 is enriched at the
bud neck and is also present at the cell periphery after the
removal of nocodazole. Intriguingly, in most alk1Dalk2D cells,
Bud6 is mislocalized: it is noticeably absent from the bud
neck, and it is evidently accumulated within the bud (Figures
5A and 5B). The presence of Bud6 at the bud neck is important
to establish and maintain symmetry in the spindle pole body
distribution, which is essential for correct spindle positioning.
The finding that in haspin-deleted cells, Bud6 is missing from
the neck and enriched in the bud could explain why the mitotic
spindle is restricted to the daughter cell in these mutants.
Bud6 is also a member of the polarisome complex, which
drives actin cable organization (Park and Bi, 2007). We thus
verified the localization of the Spa2 polarisome component. In
cells arrested in metaphase/anaphase, we observed that lack
of haspin forced the polarisome to remain in the daughter cell,
whereas in wild-type cells, Spa2 is equally redistributed between
mother and daughter (Figure S4).
Altogether, these results indicate that loss of haspin causes
the accumulation of polarity factors in the bud, resulting in
the asymmetric distribution of actin and generating an imbal-
ance of the forces responsible for spindle alignment. Rebalanc-
ing of such forces, through the elimination of either one of
the two formins, allows the correct positioning of the mitotic
spindle.
Haspin Is Essential for Cell Survival after SAC-Induced
Mitotic Delay
It is somewhat surprising that no clear viability defect is observed
in haspin mutants during an unperturbed cell cycle, given the
effects on the localization of polarisome factors and formins.
To verify whether haspin controls polarization factors also in a
normal cell cycle, we monitored Bud6 localization in alk1Dalk2D
released from G1 arrest. Figure 6A shows that loss of haspin
causes Bud6 to delocalize from the bud neck and accumulate
only in the bud also in cycling cells. We could not detect a
mislocalization of Bnr1 and actin under these conditions. During
an unperturbed cell cycle, the absence of haspin causes a
molecular defect (i.e., loss of Bud6 from the bud neck), but it is
not sufficient to cause cell lethality. This suggests that in amitotic
arrest, the correct localization of Bud6 is important to preserve
the proper position of other polarity cues. We propose that,
through haspin kinase, yeast cells coordinate mitotic progres-Developmension with the regulation of spindle pulling forces, keeping the
spindle pole bodies separated in the mother and daughter cells
and properly positioning the mitotic spindle.
If this is the case, one prediction is that haspin should be
important for maintenance of this coordination and survival in
cells where mitosis encounters problems and needs to be
temporarily delayed, such as when the SAC is activated in
response to amisassembledmitotic spindle or unattached chro-
mosomes. We exploited two different yeast temperature-sensi-
tive (ts) conditional mutations that cause SAC activation and
prolongation ofmitosis, affecting the structure of the kinetochore
(mif2-3) or its attachment to microtubules (ndc80-1). For this
purpose, we combined alk1Dalk2D with mif2-3 or with ndc80-
1. At a nonpermissive temperature (37C) both mutations are
lethal, whereas at semipermissive temperatures (36C for mif2-
3 and 28C for ndc80-1) the mutants grow almost normally but
show defects in spindle attachment or elongation and activate
the SAC (Gardner et al., 2001) (Figure 6C). Figure 6B shows, by
qualitative drop assays and by quantitative analysis, that in the
absence of haspin both mutants lose viability even at semiper-
missive temperatures. In these cells the SAC is fully functional,
as shown by the stabilization of Pds1 (Figure 6C). This indicates
that haspin function is essential to allow cells that activate the
SAC to properly complete mitosis and survive.
DISCUSSION
Haspin is an atypical protein kinase that has been conserved
throughout eukaryotic evolution; it is also present in the
Encephalitozoon cuniculi genome, which contains just 2,000
genes and is only 2.9 Mb long (Katinka et al., 2001). This
extreme conservation suggests a critical function for haspin. In
human, A. thaliana, and fission yeast cells, haspin has been
reported to be responsible for the phosphorylation of H3Thr3.
This phosphosite is a docking site for the chromosome passen-
ger complex, including Aurora B kinase, that is critical for proper
chromosomal alignment at the metaphase plate and for chro-
mosomal movement (Kelly et al., 2010; Wang et al., 2010;
Yamagishi et al., 2010; Ashtiyani et al., 2011). S. cerevisiae
contains two haspin paralogs, coded by ALK1 and ALK2, but
H3Thr3 does not seem to be phosphorylated. This suggests
that budding yeast may be a good model for identifying other
processes where haspin kinase is involved.
We report that yeast cells lacking ALK1 and ALK2 are
exquisitely sensitive to microtubule-depolymerizing drugs (i.e.,
benomyl, nocodazole). Recent work has suggested that
chemical inhibition of haspin may impair the activation of SAC
(De Antoni et al., 2012; Wang et al., 2012); however, haspin
downregulation via siRNA does not seem to produce the same
SAC defect (Wang et al., 2012). By monitoring the stabilization
of the securin Pds1 and the separation of sister chromatids, pre-
vented by the SAC, after exposure to nocodazole or with con-
ditional mutations affecting kinetochore functionality, we show
that yeast cells completely lacking haspin properly activate the
SAC. This excludes that a SAC defect could explain nocoda-
zole-induced cell death. After release from nocodazole treat-
ment, the kinetics of reassembly of the mitotic spindle is normal
in alk1Dalk2D cells, but surprisingly, mutant cells exhibit a highly
penetrant spindle positioning defect. Indeed, after a transienttal Cell 26, 483–495, September 16, 2013 ª2013 Elsevier Inc. 489
Figure 4. In alk1Dalk2D Cells, Bnr1 Is Mislocalized and the Spindle Pulling Forces Are Unbalanced
(A) GFP-Bnr1 localization was analyzed by fluorescence microscopy. Samples were collected at the indicated time points after 2.5 hr in nocodazole; repre-
sentative images are shown. The fluorescence intensity along the mother-daughter cell axis (rectangular areas) has been quantified and is reported in arbitrary
units in the line graphs. The locations corresponding to the bud neck and bud tip are marked accordingly. The fraction of the total fluorescence that is localized
at the bud neck and bud tip is reported as a bar graph; error bars represent standard deviation.
(legend continued on next page)
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Figure 5. Localization of GFP-Bud6 in the
Absence of Haspin
(A) Cells were arrested for 2.5 hr in nocodazole.
GFP-Bud6 localization was analyzed by fluores-
cence microscopy at various time points after
release from nocodazole. Representative images
are shown. The fluorescence intensity along the
mother-daughter cell axis (rectangular areas) has
been quantified and is reported in arbitrary units in
the line graphs. The locations corresponding to
the bud neck are marked accordingly.
(B) Quantification of the experiment in (A).
See also Figure S4.
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Haspin Kinase and Mitotic Cell Polaritynocodazole treatment, cells lacking haspin position the mitotic
spindle entirely within the bud, where it elongates and drives
nuclear division, producing an anucleated mother and a binucle-
ated daughter cell. To our knowledge, although nuclear mispo-
sitioning in the bud has been reported and linked to a FEAR
defect (Ross and Cohen-Fix, 2004), this is the first observation
reporting exit from mitosis where spindle elongation and
nuclear division are restricted within the bud. The SPOC has
been shown to be triggered when the mispositioned spindle is(B) Quantification of the different categories observed in the experiment described in (A). At least 200 cells/s
(C) Serial dilutions of exponentially growing cultures were plated on benomyl (8 mg/ml) and incubated at 23C
lower panel reports the percentage of cells that survive and form colonies on plates containing the indicated
deviation.
(D) Quantification of binucleated cells exhibiting incorrect mitosis 60 min after release from nocodazole trea
Developmental Cell 26, 483–495, Sewithin the mother cell (Fraschini et al.,
2008; Bertazzi et al., 2011); in our mutant,
the SPOC is functional (data not shown)
but it is not activated, likely because the
spindle is mispositioned within the bud.
All these data suggest that haspin loss
does not interfere with microtubule dy-
namics, and it does not affect the Kar9
and Dyn1 pathways; instead, haspin
function becomes essential after tran-
sient mitotic arrest. Indeed, all the pheno-
types described above can be observed
by genetically inducing a mitotic delay in
alk1Dalk2D cells. Our results indicate
that yeast haspin has a role in allowing
cells to tolerate the mitotic delay induced
by SAC activation and reestablish proper
spindle positioning.
Spindle positioning is governed by
the actin cytoskeleton. After a transient
metaphase arrest, cells lacking haspin
exhibit a misdistribution of actin, which
accumulates within the bud. Actin
dynamics is modulated by an intricate
network including septins, the polari-
some complex, and formins. We show
that, similar to what happens with actin,
loss of haspin causes the accumulation
of formins and polarisome componentsin the bud. The mechanism controlling the recruitment of these
proteins to their proper location is still largely unknown, making
it difficult to determine the direct target of haspin kinase. Prelim-
inary results suggest that the phosphorylation status of Bud6
and Bnr1 is not influenced by loss of haspin (not shown). High-
throughput screenings have suggested physical and genetic in-
teractions between polarization proteins and yeast haspin (Bod-
enmiller et al., 2010; Breitkreutz et al., 2010; Fiedler et al., 2009;
Sharifpoor et al., 2012); further studies will be required to identifyample were scored.
for 3 days. The quantitative analysis shown in the
doses of benomyl; error bars represent standard
tment of the indicated yeast strains.
ptember 16, 2013 ª2013 Elsevier Inc. 491
Figure 6. Haspin Function Is Required for Proper Localization of Polarity Cues during anUnperturbedCell Cycle and Is Essential to Tolerate a
SAC-Dependent Mitotic Arrest
(A) GFP-Bud6 localization in synchronized cultures was analyzed by fluorescence microscopy at the indicated time points after release from a factor; selected
images are shown. Quantification of the experiments is shown in the histogram. At least 200 cells/sample were scored.
(B) Serial dilutions of exponentially growing cultures of the indicated yeast strains were plated on YPD and incubated for 2 days at the indicated temperatures. The
quantitative analysis shown on the right as bar graphs reports the percentage of cells surviving and forming colonies at the indicated temperatures; error bars
represent standard deviation.
(C) Time-course analysis of Pds1-HA stability. Cells of the indicated strains were arrested in G1 at 25C and released in YPD at 37C. Samples were collected at
the indicated time points and Pds1 levels were analyzed by western blotting with 12CA5 (HA) antibodies.
See also Figure S5.
Developmental Cell
Haspin Kinase and Mitotic Cell Polarity
492 Developmental Cell 26, 483–495, September 16, 2013 ª2013 Elsevier Inc.
Developmental Cell
Haspin Kinase and Mitotic Cell Polarityother players involved in the establishment of cell polarity that
could be targeted by haspin.
Polarity factors have to redistribute during mitosis (Geymonat
et al., 2009), and haspin-defective cells show a clear defect in
such redistribution, suggesting that haspin plays an important
function in maintaining the coupling between cell-cycle progres-
sion and redistribution of cell polarity factors that are crucial for
correct cell division after cell-cycle restart. Failure to properly
localize polarity cues causes a prolonged hyperpolarization
during mitotic arrest, which sustain the forces pulling the spindle
toward the daughter cell. The absence of Bud6 from the bud
neck and the restriction of actin and polarisome within the
daughter affect the establishment of a balancing force pulling
toward the mother, resulting in mispositioning of the mitotic
spindle. A similar imbalance of these forces has been suggested
to explain the ‘‘daughterly’’ nuclear positioning observed in the
absence of sister chromatid separation in esp1-1mutants during
an unperturbed cell cycle (Ross and Cohen-Fix, 2004).
Intriguingly, we found that expression of A. thaliana haspin in
alk1Dalk2D cells suppresses the benomyl-sensitive phenotype
and partially rescues the nuclear segregation defect (Figure S5),
strongly suggesting that haspin function in cell polarity is
conserved throughout evolution.
Asymmetric cell division is a fundamental process for develop-
ment and tissue homeostasis in a variety of organisms, and re-
quires the establishment of a proper cell polarization program.
During embryogenesis, asymmetric divisions are responsible
for the generation of a diverse array of different cell types. In adult
organisms, regulation of asymmetric division in stem cells is
required to balance self-renewal and commitment to differen-
tiation, contributing to tissue homeostasis. Thus, the implica-
tions of a defective regulation of asymmetric cell division are
extremely relevant: yeast cells fail to produce a vital colony,
embryonic developmentmay be abnormal, and individuals could
develop cancer or suffer tissue degeneration. Given the funda-
mental function that haspin has in modulating cell polarity in
budding yeast, it will be interesting to investigate whether a
similar role is shared also in mammalian cells and whether loss
of haspin activity affects the correct execution of asymmetric
cell division.EXPERIMENTAL PROCEDURES
Yeast Strains and Plasmids
All strains used in this study are isogenic to W303, and are listed in Table S1.
Standard conditions for yeast cell cultures have been previously described
(Rose et al., 1990). Standard molecular genetics techniques were used to
construct plasmids and strains. The centromeric plasmids containing GFP-
BUD6 and GFP-BNR1 under the endogenous promoter were kind gifts of M.
Segal (Segal et al., 2000) and D. Pellman (Buttery et al., 2007). PCR-based
genotyping was used to confirm gene disruption and tagging. Gene over-
expression under the inducible GAL1 promoter was achieved by adding 2%
galactose to raffinose-containing medium. Temperature-sensitive mutants
were grown either at permissive (25C) or restrictive temperature (37C).
Spindle Assembly Checkpoint Assays
To analyze Pds1-HA stability during nocodazole treatment, cells were grown in
YPD medium, synchronized in G1 with a factor (2 mg/ml), and released in the
presence of nocodazole (10 mg/ml). At different times, samples were collected
to obtain total protein extracts that were resolved by SDS-PAGE and analyzed
by western blotting using anti-HA antibodies (12CA5), as previously describedDevelopmen(Sabbioneda et al., 2007). To evaluate sister chromatid cohesion, cells were
grown as described above in medium containing adenine, samples taken
at different time points were fixed with ethanol, and GFP was visualized by
fluorescence microscopy with a Leica DMRA2 equipped with a CCD camera
(Leica DC 300F). Images were processed with Leica FW 4000 software.
Actin Staining
Cells were grown as described, fixed with formaldehyde (3.7%), and washed
twicewithwater andoncewithPBS.After incubation for 45minwithAlexaFluor
488-conjugated phalloidin, actin was visualized by fluorescence microscopy
as described above. Confocal images were acquired with a laser scanning
confocal microscope (Leica TCS SP2). Images were processed by ImageJ.
Concanavalin A Staining
Cells were grown in YPD and synchronized with a factor (2 mg/ml). After G1
arrest, cells were washed with PBS and resuspended in 125 ml of Alexa Fluor
594-conjugated concanavalin A at a concentration of 40 mg/ml in the dark at
room temperature. After 10 min, cells were washed and resuspended in the
appropriate medium, as indicated.
Determination of Incorrect Anaphase
Cells were synchronized in G1 and released in nocodazole as described
above. After 150 min in nocodazole, cells were released in fresh medium
without the drug. At the indicated times after removal of nocodazole, cells
were fixed with formaldehyde (3.7%) and in situ immunofluorescence was
performed as described previously (Fraschini et al., 1999). Tubulin was visual-
ized with anti-tubulin antibodies (YOL34; 1:150) followed by indirect immuno-
fluorescence with Alexa Fluor 594-conjugated donkey anti-rat Ab (1:1,000),
whereas DNA staining was performed with DAPI. For live-cell imaging, cells
were adhered onto FluoroDishes (World Precision Instruments) and covered
with synthetic dextrose medium. Cells were imaged at 30C using a 633
immersion objective mounted on a Zeiss LSM 780 confocal microscope
controlled by Zen 2010 software. Eight z stack images with an optical section
spacing of 0.7 mm were acquired every minute for 2 hr with a laser power of
0.4%. z stacks were max projected by ImageJ.
FRAP Analysis
FRAP experiments were performed as previously described (Dobbelaere
et al., 2003) on a Zeiss LSM 510 confocal microscope. Briefly, logarithmically
growing cells expressing GFP-Cdc12 were grown overnight in YEPD, treated
with nocodazole (10 mg/ml) for 150 min, and then resuspended in synthetic
complete medium and spread on 2% agar pads. Half the septin ring was
bleached with a sequence of 20–25 irradiations at 50% laser intensity. Fluores-
cence intensities were analyzed with ImageJ. Background staining in each
cell was subtracted. To correct for general bleaching, fluorescence intensities
of septin rings were normalized to those of two or three reference cells.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures, one table, and two movies
and can be found with this article online at http://dx.doi.org/10.1016/j.
devcel.2013.07.013.
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